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1.  INTRODUCTION 


An  experimental  program  has  been  conducted  to  evaluate 
the  performance  of  the  fluidic  generator  fuze  assembly  of 
the  Army's  Multi-Launch  Rocket  System  ( MLRS )  in  the  transonic 
speed  range.  The  test  program,  which  was  conducted  in  the 
Aerodynamic  Wind  Tunnel  (4T)  at  the  Arnold  Engineering  Devel¬ 
opment  Center  (AEDC) ,  used  full-scale  models  of  the  standard 
nose  cone.  The  test  conditions  included  free-stream  Mach 
numbers  from  0.95  to  1.3  over  a  range  of  free-stream  densi¬ 
ties  simulating  altitudes  (AD)  from  15,240  m  to  21,030  m. 
Although  tne  primary  objective  of  the  test  program  was  to 
evaluate  the  flow  parameters  of  the  fuze  ogive,  most  of  the 
twelve  "different"  configurations  tested  made  use  of  the 
standard  nose  cone.  The  principal  variable  for  six  of  these 
configurations  was  the  generator. 

However,  the  primary  objective  of  the  present  study  was 
to  define  what  parameters  affect  the  flow  field  (both  for  the 
external  flow  and  the  internal  flow) .  Since  no  flow-visuali¬ 
zation  measurements  were  made  during  these  tests,  the  static 
surface  pressures  (both  for  the  external  surface  and  the  in¬ 
ternal  surface)  are  the  data  of  principal  interest  to  this 
report.  The  standard  nose  cone  was  the  most  thoroughly  in¬ 
strumented  and  tested  configuration.  Therefore,  the  data 
analysis  and  interpretation  presented  in  this  report  will 
concentrate  on  this  configuration. 


2 .  EXPERIMENTAL  PROGRAM 


The  general  features  of  the  standard  nose  cone  are  illus¬ 
trated  in  the  sketches  presented  in  figure  1.  The  details  of 
the  external  geometry  are  presented  in  figure  la,  with  the 
details  of  the  generator  installation  in  figure  lb.  The  air 
that  drives  the  fluidic  generator  enters  the  "inlet  hole"  in 
the  stagnation  region  of  the  blunt  face  and  exhausts  through 
a  group  of  24  ports  that  are  0.269  cm  in  diameter.  The  ex¬ 
haust  ports,  which  are  distributed  circumferentially  (and 
equally  spaced) ,  are  located  in  a  shallow  cavity  that  begins 
3.259  cm  (x  =  0.423  x~)  aft  of  the  tip  of  the  fuze.  As  shown 
in  figure  1,  x  is  tne  longitudinal  position,  as  measured 
from  the  model  nose.  The  reference  length,  x_  ,  was  chosen 
to  be  7.696  cm,  the  coordinate  of  the  most-downstream  pres¬ 
sure  tap. 

The  air  flow  which  enters  the  inlet  hole  in  the  stagna¬ 
tion  region  of  the  flat  face  (fig.  la)  passes  through  the 
generator  assembly  and  into  the  (internal)  chamber  (fig.  lb) . 
It  then  flows  through  the  exhaust  ports  (fig.  la)  into  the 
(external)  cavity  (fig.  lb) .  This  use  of  the  words  "chamber" 
for  the  internal  region  and  "cavity"  for  the  external  will  be 
retained  throughout  this  report. 

Static-pressure  measurements  and  Pitot-pressure  measure¬ 
ments  will  be  presented  for  four  configurations.  The  geome¬ 
try  for  all  four  configurations  is  essentially  that  for  the 
standard  nose  cone,  as  presented  in  figure  1.  Data  are  pre¬ 
sented  for  the  following  configurations: 

Configuration  1  (Cl) :  the  standard  nose  cone. 

Configuration  2  (C2) :  the  standard  nose  cone  with  an 

ogive  angle  adapter  installed 
(as  shown  in  fig.  lc) , 

Configuration  4  (C4) :  the  standard  nose  cone  with  the 

inlet  plugged,  and 

Configuration  9  (C9) :  the  standard  nose  cone  with  a 

total-head  pressure  probe  in 
the  inlet  hole. 

The  standard  nose  cone  used  in  the  initial  phase  of  the 
test  program  was  instrumented  with  29  surface  pressure  taps 
(or  orifices) ,  of  which  21  were  on  the  external  surface  and 
8  were  on  the  internal  surface.  The  locations  of  these  ori- 
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fices  are  presented  in  table  1.  Fine1  compared  the  pressure 
readings  at  a  particular  location  at  the  same  flow  condition 
as  measured  during  different  runs  (both  with  the  same  genera¬ 
tor  and  with  different  generators) .  Fine,  citing  pressure 
variations  at  a  given  orifice  location  of  +1.5  percent,  or 
less,  noted  that  "the  measurements  were  consistent  and  re¬ 
peatable  at  the  same  tunnel  conditions."  Furthermore,  the 
"repeatability  also  indicates  that  the  differences  in  the 
nozzle  configurations  in  the  three  generators  did  not  affect 
the  pressures  that  were  measured . " 

For  additional  information  about  the  wind  tunnel,  the 
model,  the  data  reduction  techniques,  or  other  details  about 
the  test  program,  the  reader  is  referred  to  the  test  report 
of  Hodges. 


J.  E.  Fine,  Preliminary  Analysis  of  Pressure  Measure - 
ments  in  MLRS  Nov.  80  Wind  Tunnel  Test,  DELHD-DE-OP ,  Jan 
1981,  HDL  Office  Memo. 

^D.  A.  Hodges,  Performance  Evaluation  of  the  XM-445 
Fluidic  Generator  Fuze  Assembly  at  Mach  Numbers  from  0.95 
to  1.3,  AEDC-TSR-80-P81 ,  Dec.  1980,  AEDC. 
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TABLE  I.  LOCATION  OP  THE  PRESSURE  TAPS  (INTERNAL  AND  EXTERNAL) 


Tap 

Surface 

location 

PHIT+ 

x  (cm) 

x  (in) 

x/x0 

11 

Exte 

rnal 

>. 

0.229 

0.090 

■SB 

12 

1.638 

0.645 

MBA 

13 

2.344 

0.923 

ISi 

14 

3.048 

1.200 

BBS 

15 

- 

7.5 

3.259 

1.283 

S3 

16 

, 

3.409 

1.342 

mm 

17 

3. 

3.708 

1.460 

0.482 

18 

4.242 

1.670 

0.551 

19 

4.775 

1.880 

0.620 

20 

5.306 

2.089 

0.689 

21 

5.712 

2.249 

0.742 

22 

7.696 

3.030 

mm 

23 

67.5 

3.048 

1.200 

24 

3.708 

1.460 

Bill 

25 

Internal 

-22.5 

0.203 

0.080 

Ha 

26 

1.016 

0.400 

1  s 

27 

3.124 

1.230 

0.406 

28 

r.5 

4.445 

1.750 

0.576 

29 

5.969 

2.350 

0.775 

30 

7.163 

2.820 

0.931 

31 

External 

-82.5 

0.000 

0.000 

0.000 

113 

180. 

2.344 

0.923 

mm 

115 

172.5 

3.259 

1.283 

116 

, 

3.409 

1.342 

117 

180. 

3.708 

1.460 

0.482 

120 

i 

5.306 

2.089 

0.689 

125 

Internal 

157.5 

0.203 

0.026 

128 

i 

4.445 

0.577 

131 

External 

97.5 

0.000 

0.000 

0.000 

32*  Total  Head  -112.5  0.203  0.080  0.026 

132*  I  67.5  ill 


DELIBERATELY  BLANK 
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3 .  RESULTS 


Static  pressures  and  Pitot  pressures  were  measured  both 
on  the  external  surface  and  on  the  internal  surface  of  a 
full-scale  fluidic  generator/fuze  assembly  of  the  MLRS  in  the 
Aerodynamic  Wind  Tunnel  (4T)  at  AEDC.  The  pressure  data  from 
these  tests  are  discussed  in  this  section. 

3.1  External  Pressures  for  0°  Angle  of  Attack 

3.1.1  Pressures  on  Flat  Face  (x  =  0.0) 


A  strong,  detached  shock  wave  forms  in  front  of  a 
blunt  body  when  it  is  placed  in  a  supersonic  stream.  The 
shape  of  the  bow  shock  wave  for  supersonic  flow  past  a  nose- 
cone  configuration  like  that  of  Cl  is  shown  in  the  Schlieren 
photographs  from  a  previous  test  program3  that  are  presented 
in  figure  2.  Since  the  Mach  numbers  of  the  flows  represented 
by  the  schlieren  photographs  are  greater  than  those  of  the 
present  program,  the  stand-off  distance  of  the  bow  shock  wave 
is  much  less  than  would  be  the  case  for  the  present  flows. 
This  is  to  be  expected.  Nevertheless,  the  photographs  pro¬ 
vide  valuable  insights  into  the  flow.  Because  the  bow  shock 
wave  is  curved,  the  static  pressure  on  the  surface  should  de¬ 
crease  from  a  value  of  the  stagnation  pressure  downstream  of 
a  normal  shock  wave,  p^2  ,  at  the  axis  of  symmetry  to  the 
sonic  value  at  the  corner.  This  pressure  variation  is  illus¬ 
trated  by  the  pressure  distribution  that  was  presented  else¬ 
where4  for  a  free-stream  Mach  number,  M,,,  ,  of  2.01  (see  fig. 
3) .  The  pressure  distributions  for  the  present  tests  will  be 
similar  to  that  of  figure  3  despite  the  difference  in  Mach 
number . 

Included  with  the  pressure  distributions  in  figure  3  are 
the  pressure-instrumentation  locations  for  these  models.  As 
can  be  seen  from  figures  1  and  3  and  table  1,  two  static- 


3 

R.  L.  Goodyear  and  H.  Lee,  Performance  of  the  Fluidic 
Power  Supply  for  the  XM-44 5  Fuze  in  Supersonic  Wind  Tunnels , 
HDL-TM-8 1-4 ,  Feb.  1981,  Harry  Diamond  Laboratories. 

4 

J.  C.  Boison  and  H.  A.  Curtiss ,  An  Experimental  Investi¬ 
gation  of  Blunt  Body  Stagnation  Point  Velocity  Gradient ,  ARS 
Journal,  Feb.  1959,  Vol .  29,  No.  2,  pp.  130-135. 
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(a)  Mm  =  1.5 

Figure  2.  Schlieren  photographs  from  the 
tests  of  ref.  3. 
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(b)  Mm  =  5 
Figure  2.  Concluded. 
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pressure  orifices  were  on  the  flat  face  of  the  nose  cone,  be¬ 
tween  the  inlet  hole  and  the  corner  radius.  One  of  these, 
tap  31,  was  approximately  0.859  cm  from  the  axis  of  symmetry, 
i.e.,  r  =  0.90  Rff  .  The  experimentally  determined  pressure 
coefficients,  Cp  ,  for  this  orifice  are  presented  in  ficrure  4 
for  Cl  at  density  altitudes  of  18,290  m  and  21,030  m  and  for 
C4  at  a  density  altitude  of  18,290  m.  Included  are  the  ex¬ 
perimental  Cp  for  the  two  total-pressure  probes  that  were 
0.318  cm  from  the  axis,  in  the  inlet  hole  of  C9.  These  ex¬ 
perimentally  determined  Cp  are  compared  with  theoretical  Cp, 
as  calculated  for  the  flow  downstream  of  a  normal  shock  wave, 
using  the  relation 


where  cp,t2  the  stagnation  pressure  coefficient,  p^  is 

free-stream  static  pressure,  and  is  the  ratio  of  specific 

heats.  The  ratio  Pt2/Poo  was  <2«tei^iined  as  a  function  of 

using  normal  shock  wave  tables. $ 

The  experimental  Cp  determined  using  the  Pitot  probes  in 
the  inlet  hole  (C9)  are  in  very  good  agreement  with  the  the¬ 
oretical  values.  This  is  to  be  expected,  since  the  probes 
are  near  the  axis  of  symmetry  (where  the  bow  shock  wave  is 
most  nearly  normal)  and,  being  Pitot  probes,  they  provide  a 
measure  of  the  stagnation  pressure.  The  surface  static  pres¬ 
sures  at  tap  31  are  below  the  theoretical  predictions.  This 
is  also  to  be  expected.  When  a  flat-faced  cylinder  with  a 
"slender"  conical  afterbody  is  exposed  to  a  supersonic  stream, 
the  bow  shock  wave  is  curved  and  the  sonic  "line"  is  fixed  at 
the  corner  of  the  flat-faced  portion  of  the  nose  cone.  As  a 
result,  the  static  pressure  decreases  with  r  over  the  flat 
face  from  the  "stagnation  pressure"  at  the  axis  of  symmetry 
to  the  sonic  value  at  the  corner.  Using  the  data  presented 
in  figure  3  (which  are  for  =  2.01  ),  one  would  expect  the 
local  static  pressure  at  r  =  0.90  Rff  to  be  approximately 
0.9  pt2  •  As  a  result,  the  Cp  for  this  orifice  would  be  ap¬ 
proximately  1.22  when  Me  =  1.3  .  This  value  is  in  reason¬ 
able  agreement  with  the  data  of  figure  4,  considering  the 
difference  in  the  free-stream  Mach  numbers.  It  is  interest- 
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Pressure  coefficient 


O  Tap  31,  Configuration  1,  AD  =  18,290  m. 

A  Tap  31,  Configuration  1 ,  AD  =  21,030  m. 

©  Tap  31,  Configuration  A,  AD  =  18,290  m. 

©Tap  32,  Configuration  9,  AD  =  18,290  m. 

Gf  Tap  132,  Configuration  9,  AD  =  18,290  m. 


‘  ~  Equation  ( 1 ) 

a  & 


A  A  O  & 
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Free-stream  Mach  number,  Moo 

Figure  4.  Pressure  coefficients  for  flat  face  as  a 
function  of  free-stream  Mach  number. 


ing  to  note  that  the  pressures  are  higher  for  Cl  (with  an  in¬ 
let  hole)  than  for  C4  (the  plugged  configuration) .  Apparent¬ 
ly,  because  some  of  the  air  passes  through  the  vent  hole,  the 
stand-off  distance  for  the  bow  shock  wave  is  less  for  Cl; 
therefore,  the  shock  is  more  nearly  normal  (stronger)  over  a 
greater  radial  distance.  This  is  illustrated  by  the  proposed 
flow  models  presented  in  figure  5. 

3.1.2  Pressures  on  Conical  Surface  of  Ogive 

Additional  information  about  the  flow  field  can 
be  determined  from  the  Schlieren  photographs  in  figure  2.  Of 
interest  is  the  flow  over  the  first  (forward)  conical  segment 
at  a  free-stream  Mach  number.  Moo  ,  of  1.50.  A  rapid  expan¬ 
sion  of  the  flow  just  past  the  corner  is  terminated  by  a 
shock  wave  at  x  =  0.1  Xq  .  It  is  assumed  that  the  shock 
wave  results  when  the  flow  external  to  a  separation  bubble 
(which  exists  at  the  corner)  turns  when  it  reattaches  to  the 
surface.  Furthermore,  although  the  cavity  (containing  the 
exhaust  ports)  is  relatively  long,  the  flow  appears  to  "jump 
over"  the  cavity;  i.e.,  the  cavity  is  open.  This  conclusion 
is  based  both  on  what  appears  in  the  photograph  for  the  cavi¬ 
ty-region  flow  and  what  does  not  appear:  there  is  no  recom¬ 
pression  shock  wave  near  the  end  of  the  cavity.  For  the  Mach 
5  flow,  a  recompression  shock  wave  near  the  midpoint  of  the 
cavity  indicates  that  the  cavity  is  closed.  As  will  be  dis¬ 
cussed,  the  pressure  data  from  the  present  tests  indicate 
that  the  flow  does  not  "jump  over"  the  cavity  since  there  is 
a  (weak)  recompression  of  the  flow  near  the  midpoint  of  the 
cavity. 


The  detailed  sketch  of  the  external  geometry  of  the  nose 
cone,  presented  in  figure  6,  illustrates  the  locations  of  the 
pressure  taps  and  some  features  of  a  proposed  model  for  the 
external  flow.  Although  the  flow  expands  (accelerates)  ra¬ 
pidly  around  the  corner,  it  cannot  accelerate  fast  enough  to 
remain  attached  to  the  surface,  and  a  separation  bubble  forms 
at  the  corner.  This  assumption  is  supported  by  the  pressures 
at  the  orifice  in  the  "separated  region"  (at  x  =  0.030  xg  ) 
which  are  relatively  low  (see  fig.  7)  . 

Downstream  of  the  separation  bubble,  the  flow  over  the 
external  surface  of  the  nose  cone  was  calculated  using  two 
different  approaches.  Theoretical  Cp  were  calculated  using 
standard  normal  shock-wave  tables  ana  graphs  for  sharp  cones. 
Values  are  presented 


(1) 

(2) 


for  the  stagnation  point  (Cp  =  1.45)  , 

for  the  forward  conical  segment  (Cp  =  0.48,  the 
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(a)  Configuration  1 


(b)  Configuration  4 


Figure  5. 


Flow  models  for  (low)  supersonic  flow  over 
standard  nose  cone. 
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Figure  6.  Proposed  flow  model  and  relation 
and  instrumentation. 


value  for  a  sharp  cone  whose  half-angle  is  20.5°), 
and 

(3)  for  the  second  conical  segment  (Cp  =  0.16,  the  value 
for  a  sharp  cone  whose  half-angle  is  10.75°). 

Also  included  is  the  theoretical  distribution  computed  using 
the  University  of  Texas'  Missile  Aerodynamics  Code,  which  is 
similar  to  that  described  by  Moore  and  Swanson6.  In  prepar¬ 
ing  the  geometric  input  for  the  computer  solution,  the  pres¬ 
ence  of  the  cavity  in  the  external  contour  was  omitted;  the 
nose  cone  was  represented  by  two  conical  frustums.  Because 
of  the  extreme  bluntness  of  the  nose  cone,  the  computed  solu¬ 
tion  should  also  be  considered  approximate. 

included  for  comparison  with  the  theoretical  pressures  in 
figure  7  are  the  experimentally  determined  Cp  distributions 
for  M  =  1.3  at  a  density  altitude  of  18,290  m,  with  an 
angle  of  attack  of  0“  for  Cl  and  C4.  All  the  pressure  mea¬ 
surements  are  for  orifices  {pressure  taps)  in  the  PHIT  =  0° 
plane,  except  for  the  tap  at  x  =  0.396  xq  (tap  23).  The 
data  for  tap  23  (  PHIT  =  67,5°  )  were  used  at  this  location, 
since  a  leak  was  observed  for  tap  14,  the  0°  gage,  in  a  post¬ 
test  investigation. 

The  comparison  between  the  experimental  and  the  theoreti¬ 
cal  Cp  on  the  flat  face  has  already  been  discussed  (see  fig. 
4) .  Both  the  computed  solution  and  the  "sharp-cone"  approxi¬ 
mations5  provide  a  reasonable  estimate  of  the  pressures  on 
the  downstream  (second)  conical  segment,  i.e.,  for  x  2.  0.716 
xq  .  The  computer  solution  even  predicts  the  rapid  "overex¬ 
pansion"  that  takes  place  downstream  of  the  intersection  of 
the  two  conical  segments. 

An  oscillatory  character  which  appeared  in  the  computed 
solution  for  the  pressure  distribution  for  the  second  conical 
segment  is  represented  in  figure  7  by  a  broken  line.  The 
broken-line  representation  was  used  since  the  variation  may 
be  a  computational  peculiarity  and  not  a  flow  phenomenon. 
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The  most  significant  differences  between  the  theoretical 
values  and  the  experimental  values  occur  on  the  forward  coni¬ 
cal  surface  and  in  the  cavity  in  this  region.  Note  that  the 
upstream  edge  of  the  cavity  is  at  x  =  0.423  Xq  .  The  exper¬ 
imental  pressures  at  the  first  tap  of  the  cavity  (tap  17  at 
x  =  0.482  Xq  )  are  essentially  equal  to  those  upstream  of  the 
cavity.  The  fact  that  the  pressure  did  not  decrease  when  the 
flow  separated  at  the  cavity  is  attributed  to  the  relatively 
shallow  depth  of  the  cavity.  The  pressure  increase  at  the 
three  pressure  taps  in  the  downstream  region  of  the  cavity 
(  0.551  xq  <_  x  <_  0.689  Xq  )  reflects  the  recompression  of  the 
flow  as  it  reattaches  to  the  surface.  Thus,  if  one  assumes 
that  a  tangent-cone  approximation  is  valid  for  the  forward 
conical  surface  and  that  a  recompression  pressure  rise  occurs 
at  the  downstream  end  of  the  cavity,  one  can  explain  the  fact 
that  the  pressures  measured  at  the  taps  between  0.551  Xq 
and  0.689  Xq  are  above  the  Ames  theoretical  estimates 5. 

Since  both  theoretical  models  are  approximate,  close  correla¬ 
tion  with  the  data  should  not  be  expected.  Each  assumed  mod¬ 
el  probably  contains  elements  of  the  actual  flow  field. 

In  this  test  program,  the  tunnel  was  operated  in  two 
different  modes:  Mach  number  sweeps  and  density  altitude 
sweeps.  The  density  altitude  sweeps  were  made  from  15,240  m 
to  21,030  m  at  a  Mach  number  of  1.13.  To  decide  whether  there 
is  an  effect  from  varying  the  density  altitude,  consider  the 
data  presented  in  figures  8  through  10.  Pressure  ratios  p/pfe2 
(where  p  is  static  pressure  and  pt2  is  stagnation  pres¬ 
sure)  are  presented  over  the  test  range  of  density  altitudes 
for  each  of  the  three  Mach  numbers  (covering  the  complete 
test  range)  at  three  orifice  locations: 

(a)  x  =  0.213  xq  ,  near  the  midpoint  of  the  forward 
cone  (tap  12  of  fig.  6) , 

(b)  x  =  0.396  xq  ,  the  last  orifice  upstream  of  the 
cavity  (tap  23  of  fig.  6) ,  and 

(c)  x  =  0.551  xq  ,  near  the  midpoint  of  the  cavity 
(tap  18  of  fig.  6) . 

Figure  6  shows  the  location  of  these  taps  in  relation  to  the 
physical  features  of  the  external  surface  and  the  flow  field. 
For  x  =  0.396  Xq  ,  pressure  measurements  are  presented  for 
the  orifice  in  the  PHIT  =  67.5°  plane. 
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V Configuration  4 


Figure  10,  Effect  of  density  altitude  (AD)  on  local  static 
pressure  for  =  1,3. 

(a)  x  =  0.213  xo  (tap  12),  (b)  x  =  0.396  x0 
(tap  23),  and  (c)  x  =  0.551  xn  (tap  18). 


Since  the  trends  exhibited  by  the  data  appear  to  be  the 
same  for  all  three  Mach  numbers,  the  discussion  of  the  data 
is  the  same  for  each  figure.  Referring  to  figure  7,  the 
pressures  measured  at  the  orifice  at  x  =  0.551  Xq  are  sig¬ 
nificantly  higher  than  those  measured  at  the  previous  orifice 
(tap  17  at  x  =  0.482  xq  ,  which  is  also  in  the  cavity).  Be¬ 
cause  the  cavity  is  relatively  long,  this  "sudden"  pressure 
rise  is  attributed  to  a  recompression  (however  mild)  due  to 
the  reattachment  of  the  free-shear  layer.  Since  the  pressure 
rise  depends  on  the  character  of  the  free-shear  layer,  the 
data  from  this  orifice  should  be  most  sensitive  to  the  densi¬ 
ty  altitude  or,  equivalently,  the  Reynolds  number.  Neverthe¬ 
less,  no  effect  of  density  altitude  (and,  therefore,  of  the 
Reynolds  number)  is  evident  in  the  data.  It  is  interesting 
to  note,  however,  that  the  pressures  measured  at  this  orifice 
for  C4 ,  for  which  the  inlet  hole  is  sealed,  are  consistently 
greater  than  those  for  Cl,  This  is  true  for  the  other  two 
orifices  in  the  "recompression"  region  (see  fig.  7) .  Thus, 
the  air  which  enters  the  inlet  hole  and  exhausts  through  the 
vent  ports  tends  to  fill  the  cavity  and  to  further  diminish 
the  strength  of  the  recompression  associated  with  the  reat¬ 
taching  shear  layer.  This  feature  of  the  flow  is  included 
in  the  flow  model  illustrated  in  figures  5  and  6. 

Distributions  of  the  static  pressures  measured  on  the  ex¬ 
ternal  surface  (divided  by  Pt2)  are  presented  in  figure  11 
for  a  density  altitude  of  18,290  m.  In  each  part  of  the  fig¬ 
ure,  data  are  presented  for  Cl  and  C4  at  a  particular  Mach 
number,  covering  the  complete  Mach-number  range  of  the  test 
program.  Note  that,  although  different  dimensionless  pres¬ 
sure  parameters  are  used,  the  data  presented  in  figure  lid 
are  the  same  as  those  presented  in  figure  7.  For  all  ori¬ 
fices  upstream  of  x  =  0.49  xg  ,  the  pressures  of  Cl  are 
greater  than  those  of  C4.  Based  on  the  assumed  flow  model, 
these  pressures  apparently  reflect  the  effect  of  the  inlet 
hole  on  the  shape  of  the  bow  shock  wave.  However,  for  the 
orifices  in  the  aft  region  of  the  cavity  (those  for  x  from 
0.551  xq  to  0.689  xq  ),  the  pressures  for  C4  are  greater. 
The  differences  between  the  pressures  in  this  region  for  the 
two  configurations  are  attributed  to  the  air  flow  that  acti¬ 
vates  the  fluidic  generator.  The  data  indicate  that  the  air 
flow  for  Cl  enters  the  external  cavity  through  the  exhaust 
ports  and  "fills"  the  cavity.  Thus,  the  flow  turns  through 
a  smaller  angle  during  the  reattachment  of  the  shear  layer, 
causing  a  smaller  pressure  rise.  These  comments  are  valid 
over  the  entire  range  of  Mach  numbers  for  the  present  tests. 
No  singularities  are  evident  with  changes  in  the  x-coordinate 
for  any  of  the  Mach  numbers  of  figure  11,  which  cover  the  en¬ 
tire  range  of  the  test  program. 
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Figure  11.  Effect  of  inlet  on  pressure  distributions  for  AD  =  18,290 
(a)  M  =  0.95,  and  (b)  M  =1.1. 


The  effect  of  M,,  on  the  pressure  distribution  is  illus¬ 
trated  by  the  data  presented  in  figures  12  and  13.  The  pres¬ 
sure  distributions  for  a  density  altitude  of  18,290  m  are 
presented  in  figure  12,  and  for  21,030  m  in  figure  13.  There 
is  a  consistent  trend  with  Mach  number  at  all  the  orifices 
from  x  =  0.030  Xq  to  x  =  1.000  xq  .  That  is,  the  ratio 
p/pt2  at  a  particular  orifice  decreases  as  the  Mach  number 
increases.  The  variation  is  greatest  at  the  two  extreme  ori¬ 
fices.  The  Mach-number  dependent  variation  at  x  =  0.030  xq 
indicates  a  change  in  the  characteristics  of  the  separation 
bubble  for  these  transonic  flows.  Furthermore,  the  pressure 
ratio  varies  by  almost  a  factor  of  two  at  the  last  orifice. 
However,  the  experimental  values  of  p/pto  at  this  orifice 
vary  relatively  little  for  1.1  <  M^  <_  1.3  .  Thus,  the  spread 
in  the  data  for  the  three  lowest  Mach  numbers  suggests  that  a 
significant  change  occurs  in  the  downstream  region  of  the  flow 
field  for  these  transonic  flows. 

The  pressure  ratio  p/Pt2  f°r  four  orifice  locations  is 
presented  as  a  function  of  the  free-stream  Mach  number  in  fig¬ 
ure  14.  The  first  two  locations,  x  =  0.213  xq  and  x  = 

0.396  xq  ,  are  on  the  first  conical  segment  whereas  the  third 
orifice,  at  x  =  0.551  xq  ,  is  in  the  downstream  portion  of 
the  cavity.  Despite  differences  in  the  local  flow  fields  for 
these  three  locations,  the  pressure  ratio  (at  a  given  loca¬ 
tion)  decreases  as  the  Mach  number  increases  and  is  indepen¬ 
dent  of  the  density  altitude.  The  Mach-number  dependence  is 
similar  for  all  three  locations. 

To  establish  if  this  Mach-number  dependence  has  an  ana¬ 
lytical  basis,  let  us  examine  the  Cp  as  given  by  the  small  de¬ 
flection  approximation  for  supersonic  flow, 


where  is  a  constant  (which  is  dependent  on  Moo  and  the 

local  flow  direction) .  The  equation  can  be  rearranged  to 
yield 
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Figure  12.  Effect  of  Mach  number  on  pressure  d: 
for  AD  =  18,290  m. 
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Rewriting  this  expression  in  terms  of  the  pressure  ratio  used 
in  figure  14,  we  obtain 


. 

Pt2 


t2 


0-^M, 

/m2  -  1 


+  1 


(4) 


Using  the  Ames  tables5  to  obtain  the  value  of  Pro/Pt2  as  a 
function  of  Mach  number,  one  finds  the  following  values: 


=  0.5595  [0.7C1(2.8903)  +  1]  for 
=  0.4689  [0.7C1(2.6402)  +  1]  for  M^ 
=  0.3685  [0.7(^(2.0345)  +  1]  for 


0.95 
1.10 
1.30  . 


Using  this  relatively  simple  approximation,  one  would  expect 
the  pressure  ratio  P/Pt2  to  decrease  with  Mach  number  for 
these  test  conditions.  Thus,  although  one  would  predict  a 
greater  decrease  in  the  pressure  ratio  using  equation  (4) 
than  is  actually  exhibited  by  the  data,  the  small-deflection 
approximation  provides  a  qualitative  substantiation  of  the 
observed  Mach-number  dependence. 


Although  the  pressures  measured  on  the  conical  surface 
exhibit  an  inverse  dependence  on  ,  the  pressure  ratio 

(p/Pt2)  f°r  locations  on  the  blunt  face  would  be  independent 
of  the  Mach  number  for  supersonic  flows.  The  data  from  the 
orifice  on  the  flat  face  (see  the  pressure  measurements  for 
x  =  0.0  ,  presented  in  figures  12  and  13)  exhibit  this  Mach- 
number  independence. 


As  noted  when  figures  11  through  13  were  discussed,  the 
pressure  ratio  at  x  =  1.000  xq  exhibits  a  much  greater 
variation  with  Mach  number  than  occurred  at  the  other  ori¬ 
fices.  As  can  be  seen  in  the  measurements  presented  in  fig¬ 
ure  14d,  the  Mach-number  dependence  apparently  reflects  a 
change  in  the  downstream  flow  field  that  occurs  in  the  tran¬ 
sonic  speed  range.  These  transonic  changes  in  the  flow  field 
occur  far  enough  downstream  (on  the  second  conical  segment) 
that  they  do  not  affect  the  flow  through  the  fluidic  genera¬ 
tor. 
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3 . 2  Flow  Through  Fluidic  Generator  and  Internal  Pressure 
Measurements  for  0°  Angle  of  Attack 

As  has  been  discussed,  the  air  which  activates  the 
fluidic  generator  enters  the  inlet  hole  in  the  stagnation  re¬ 
gion,  passes  through  the  resonator-interaction  region  of  the 
generator  assembly  and  then  into  the  internal  chamber,  before 
it  finally  flows  through  the  exhaust  ports.  A  sketch  of  this 
internal  flow  pattern  and  of  the  relevant  pressure  instrumen¬ 
tation  is  presented  in  figure  15.  The  mass-flow  rate  through 
the  fluidic  generator  was  calculated  with  the  pressures  mea¬ 
sured  at  the  orifices  of  figure  15,  using  three  different  as¬ 
sumptions  regarding  the  air  flow  through  the  fluidic  genera¬ 
tor. 


Flow  Model  1. — Because  the  area  of  the  annular  gap 
around  the  nozzle  centerbody  is  so  much  less  than  the  area 
of  the  inlet  hole,  it  is  assumed  that  the  air  velocity  for¬ 
ward  of  the  centerbody  is  relatively  small.  Thus,  as  indi¬ 
cated  in  figure  15,  this  region  serves  as  a  reservoir  (or 
stagnation  chamber)  for  the  nozzle  centerbody.  This  element 
of  the  assumed  flow  model  is  supported  by  the  static-pressure 
measurements  from  this  region  that  are  presented  in  figure 
16.  The  static  pressures  both  at  tap  25  (  x  =  0.026  xq  )  and 
at  tap  26  (  x  =  0.132  xq  )  are  essentially  equal  to  pt? 
over  the  entire  range  of  Mach  number  and  of  density  altitude 
for  the  conditions  of  the  present  test  program. 

It  is  assumed  that  the  flow  accelerates  isentropically 
from  this  "reservoir"  through  the  annular  gap,  reaching  the 
speed  of  sound  at  the  minimum  cross-sectional  area  of  the 
annular  gap.  Thus,  the  centerbody  serves  as  a  throat,  "chok¬ 
ing"  the  flow  over  the  entire  range  of  test  conditions  for 
this  program.  Fliegner's  formula'  for  the  choked  flow  of 
perfect  air  along  with  the  minimal  cross-sectional  area, 

AIn  '  can  ke  used  to  calculate  the  mass-flow  rate,  m-^  : 

ml  =  0,0386[p(25) ]  m 

p~u~Am  "  p.u./tT  ' 

00  00 


A.  H.  Shapiro,  The  Dynamics  and  Thermodynamics  of  Com¬ 
pressible  Fluid  Flow,  Ronald  Press,  New  York,  1953. 
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©  «  ©  .  ®  Assumed  flow  models 
described  in  text 


Figure  15.  Internal  flow  pattern  and  relevant 
pressure  information. 
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where  pm  =  free-stream  density  (kg/m  ) ,  =  free-stream 

velocity  (m/s) ,  and  Tfc  =  stagnation  temperature  (K) .  The 
local  mass-flow  rate  has  been  divided  by  PooUooAjn  (which  is 
equal  to  the  free-stream  mass-flow  rate  across  an  area  eaual 
to  that  of  the  inlet  hole)  in  order  to  obtain  a  dimensionless 
parameter.  As  will  be  seen,  dividing  the  local  mass-flow 
rates  bv  PoouooAln  yields  a  dimensionless  parameter  which  is 
independent  of  the  Mach  number  and  of  the  density  altitude 
over  the  range  of  test  conditions.  This  is  true  for  the 
mass-flow  rates  for  all  the  assumed  flow  models. 

Because  the  air  must  go  around  the  corner  of  a  flat¬ 
faced  cylinder  as  it  enters  the  nozzle  centerbody  (producing 
a  separation  bubble)  and  because  of  the  Dresence  of  boundary 
layers  on  both  surfaces  of  a  narrow  annular  qap,  it  is  ex¬ 
pected  that  the  effective  throat  area  is  significantly  less 
than  the  minimum  cross  section  of  the  annular  gap  (which  is 
the  area  used  in  eq.  (5)).  Thus,  it  is  expected  that  the 
nondimensionalized  values  of  mi  ,  as  calculated  using  equa¬ 
tion  (5)  (which  are  represented  by  the  half-filled  symbols  of 
fig.  17) ,  overestimate  the  actual  mass-flow  rate. 

It  is  believed  that  the  flow  is  indeed  choked  by  the 
nozzle  centerbody,  even  though  the  static  pressures  in  the 
(downstream)  internal  chamber  are  approximately  0.7  Pt2*  The 
reason  for  the  chamber  value  of  0.7  Pt2  follows.  The  pres¬ 
sure  in  the  internal  chamber  is  governed  (1)  by  the  pressure 
in  the  external  cavity  (which  is  established  by  the  external 
flow  field) ,  since  (as  will  be  discussed)  the  flow  through 
the  exhaust  ports  is  not  choked,  and  (2)  by  the  pressure  drop 
across  the  exhaust  ports,  which  is  governed  by  the  mass-flow 
rate  ,  as  shown  in  equation  (7a) .  The  mass-flow  rate  is  es¬ 
tablished  by  the  choking  of  the  flow  through  the  nozzle  cen¬ 
terbody.  The  static  pressure  increases  from  the  sonic  value 
(0.53  Pt2^  at  the  throat  of  the  nozzle  centerbody  to  0.7  Pt2» 
the  value  in  the  internal  chamber,  as  it  flows  throuah  the 
resonator-interaction  region  of  the  generator  assembly  (see 
figs,  lb  and  15)  and  into  the  internal  chamber. 

Flow  Model  2 . — The  mass-flow  rate  for  the  second  flow 
model  was  calculated  assuming  that  the  flow  through  the  ex¬ 
haust  ports  is  choked.  Thus,  for  the  flow  model,  it  is  as¬ 
sumed  that  the  static  pressure  in  the  external  cavity  in  the 
region  of  the  exhaust  ports — i.e.,  [ p ( 1 6 ) ] — is  approximately 
half,  or  less,  of  the  pressure  in  the  internal  chamber — i.e., 
[p(27)]  or  [p(28)].  Assuming  that  the  flow  through  the  ex¬ 
haust  ports  is  choked,  Fliegner's  formula  can  be  used  to  cal¬ 
culate  the  total  mass-flow  rate  through  the  24  exhaust  ports: 
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AD:  O  18,290  m;  $19,200  m;  □19,810  m;  £21,030  m. 
Half-filled  symbols:  m^  =  m^;  Filled  symbols:  mj^  =  m2; 
Open  symbols:  m^  =  m3. 


Figure  17.  Mass-flow  rate  through  fluidic  generator  of  Cl 
(as  calculated  for  various  assumptions) . 


(6) 


m2  =  0.0638[p(27)  +  p(28)  1 

PooUooAIn  PooU»^ 

The  mass-flow  rate  (m2)  thus  calculated  is  represented  by  the 
filled  symbols  of  figure  17.  The  mass-flow  rates  calculated 
using  this  flow  model  are  much  higher  than  those  calculated 
using  the  other  two  flow  models.  This  flow  model  overesti¬ 
mates  the  mass-flow  rate  because  the  flow  is  not  choked  at 
the  exhaust  ports.  The  conclusion  that  the  flow  is  not 
choked  at  the  exhaust  ports  is  verified  by  the  pressure  ratio 
across  them.  As  shown  in  the  data  of  figure  18,  the  pressure 
drop  across  the  exhaust  ports  is  less  than  10  percent. 

The  conclusion  that  the  flow  is  choked  not  at  the  ex¬ 
haust  ports  but  at  the  nozzle  centerbody  for  Cl  over  the 
range  of  test  conditions  is  very  important.  It  has  been 
shown  that  the  pressure  ratio  (p/Pt2)  for  the  separated  re¬ 
gion  of  the  external  cavity  is  a  well-behaved  function  of  the 
free-stream  Mach  number  and  is  independent  of  density  alti¬ 
tude  (as  shown  in  figs.  8  through  14) .  Since  the  pressure 
drop  across  the  exhaust  ports  is  relatively  small  and  is  a 
function  of  the  mass-flow  rate  through  the  fluidic  generator, 
the  pressure  in  the  internal  chamber  (which  is  the  "back 
pressure"  for  the  resonator-interaction  region  of  the  fluidic 
generator)  follows  the  external  pressure.  However,  since  the 
flow  is  choked  by  the  nozzle  centerbody,  the  inlet  pressure 
for  the  resonator-interaction  region  is  a  fixed  fraction  of 
pt2  (i.e.,  0.53,  the  sonic  value).  It  is  expected  that  the 
details  of  the  flow  field  in  the  resonator  depend  on  the 
pressure  differences  across  it. 

Flow  Model  3. — For  the  third  flow  model,  the  volumetric 
flow-rate,  Q  ,  was  calculated  using  the  equation  for  sub¬ 
sonic  flow  through  a  sharp-edged,  circular  orifice®: 

Q  =  0.6YA  .  (7a) 

For  the  orifice  ratios  and  for  the  Reynolds  numbers  of  the 
present  tests, 
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(7b) 


Furthermore,  it  is  assumed  that  the  acceleration  of  the  flow 
from  the  internal  chamber  through  the  exhaust  ports  is  such 
that 


P  “  P  •  (7c) 

Combining  these  relations,  one  can  calculate  the  mass-flow 
rate  for  this  model  using  the  relation 


The  mass-flow  rates  thus  calculated  are  presented  as  a 
function  of  in  figure  17  (as  the  open  symbols)  and  as  a 

function  of  the  pressure  drop  across  the  exhaust  ports  in 
figure  18.  As  has  been  discussed,  the  pressure  drop  across 
the  exhaust  ports  (the  pressure  ratio  [p ( 16) ] /[p ( 27) ] )  for 
these  flow  conditions  is  relatively  small.  The  nondimension- 
alized  mass-flow  rate  increases  slightly  as  the  pressure 
ratio  decreases.  As  indicated  by  the  arrow,  the  pressure 
drop  across  the  exhaust  ports  decreases  as  the  Mach  number 
increases.  The  correlation  between  the  pressure  drop  and  the 
dimensionless  mass-flow  rate  is  the  same  for  all  four  density 
altitudes. 

The  experimentally  determined  values  of  the  pressure 
ratio  [p ( 16 ) ] / [p ( 27) ]  indicate  that  the  flow  in  this  region 
is  incompressible.  Thus,  the  assumptions  made  in  developing 
flow  model  3  are  quite  realistic.  Since  the  two  pressures 
needed  to  calculate  the  flow  field  were  measured  directly,  it 
is  believed  that  the  mass-flow  rates  calculated  using  equa¬ 
tion  (8),  i.e.,  m3  ,  are  the  most  realistic  of  those  pre¬ 
sented  in  figure  17. 


External  and  Internal  Flow-Fields  for  C2  at  O' 
Angle  of  Attack 


As  shown  in  figure  lc,  an  ogive  angle  adapter  was 
placed  over  the  first  conical  segment  of  the  standard  nose 
cone  to  form  C2.  The  presence  of  the  adapter  served  to  in¬ 
crease  the  deflection  angle  of  the  first  conical  segment  to 
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35° 17’  and  to  increase  the  effective  height  of  the  separation 
step  for  the  external  cavity.  The  increased  deflection  angle 
should  affect  the  external  flow  field  for  these  transonic 
flows.  Increasing  the  height  of  the  separation  step  caused 
the  streamwise  extent  of  the  separated  region  to  increase  and 
the  static  pressure  in  the  separated  region  to  decrease.  The 
static-pressure  distribution  for  the  external  surface  of  C2 
is  presented  in  figure  19.  The  static  pressures  in  the  ex¬ 
ternal  cavity  of  C2  are  much  less  than  those  for  Cl.  Fur¬ 
thermore,  whereas  the  pressure  ratio  (p/pt2)  at  a  given  loca¬ 
tion  (tap)  for  Cl  decreases  slowly  as  increases  (e.g., 

see  fig.  14c) ,  the  pressure  ratio  for  C2  decreases  much  more 
rapidly  with  . 

Internal  pressure  distributions  for  C2  are  presented  in 
figure  20.  These  pressure  measurements  were  obtained  at  a 
simulated  density  altitude  of  18,290  m  over  the  entire  Mach- 
number  range  of  the  present  tests.  At  the  lowest  free-stream 
Mach  number  (0.95),  the  pressure  drop  across  the  exhaust 
ports  is  relatively  small.  At  x  =  0.443  xg  (the  location  of 
tap  16,  between  the  exhaust  ports) ,  the  pressure  in  the  ex¬ 
ternal  cavity  is  approximately  0.45  pt2  (see  fig.  19),  where¬ 
as  the  pressure  in  the  internal  chamber  is  approximately  0.55 
pt2  (see  fig.  20) .  Thus,  as  was  true  for  the  entire  range  of 
test  conditions  for  Cl,  the  flow  through  the  exhaust  ports  is 
incompressible,  and  subsonic  when  M,*,  =  0.95  for  C2.  How¬ 
ever,  for  M  =  1.3  ,  the  pressure  in  the  external  cavity  be¬ 
tween  the  exKaust  ports  is  approximately  0.21  Pt2»  whereas  it 
is  0.38  pt2  in  the  internal  chamber.  This  pressure  ratio  is 
only  slightly  greater  than  the  value  for  the  onset  of  sonic 
(or  choked)  flow  through  the  exhaust  ports.  Thus,  when 

=  1.3  ,  the  separation  of  the  flow  from  the  forward  coni¬ 
cal  segment  of  C2  causes  the  pressure  in  the  external  cavity 
to  decrease  toward  the  condition  where  the  exhaust  ports  (and 
not  the  minimum  area  of  the  nozzle  centerbody)  would  become 
dominant  in  determining  the  mass-flow  rate  through  the  gen¬ 
erator  assembly.  However,  even  at  the  highest  Mach  number  of 
the  present  tests  (1.3),  the  condition  of  sonic  flow  through 
the  exhaust  ports  is  not  reached.  Therefore,  even  though 
the  relatively  large  separation-step  height  of  C2  causes  the 
external  cavity  pressure  to  be  relatively  low,  the  mass-flow 
rates  through  the  generator  assembly  are  such  that  the  pres¬ 
sure  in  the  internal  chamber  can  decrease  also.  Thus,  over 
the  entire  Mach-number  range,  the  nozzle  centerbody  is  the 
dominant  constriction  and  the  flow  through  the  exhaust  ports 
is  subsonic. 


Static  pressure/st acnation  pressure,  p/p 


Cl: 

OM.  =  0.95; 

Oh„  =  1.1; 

Am.  -  i.3 

C2 : 

=  0.95; 

O'M.  »  1.1; 

^  -  1.3 

*/*0 


Figure  19.  Comparison  of  external  pressure  distributions 
for  Cl  and  C2;  AD  =  18,290  m. 
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Figure  20.  Internal  pressure  distribution 
for  C2;  AD  =  18,290  m. 
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This  conclusion  is  supported  by  the  calculated  mass-flow 
rates  presented  in  figure  21.  For  Mo,  =  1.13  ,  the  mass-flow 
rates  as  calculated  using  either  equation  (5)  or  equation  (8) 
are  essentially  the  same  for  Cl  and  for  C2.  The  agreement 
between  the  m3  calculations  for  these  conditions  should  be 
expected,  since  the  flow  is  choked  by  the  nozzle  centerbody, 
and  since  the  values  of  pt2  and  the  geometries  both  of  the 
inlet  hole  and  of  the  nozzle  centerbody  are  the  same  for  Cl 
and  C2.  The  good  agreement  between  the  m3  calculations 
(even  though  the  assumption  that  the  flow  is  incompressible 
breaks  down  for  C2  but  remains  true  for  Cl  as  increases) 

is  attributed  to  the  fact  that  the  two  pressures  required  for 
equation  (8)  are  measured  directly. 

The  difference  in  pressure  between  the  value  at  the 
throat  of  the  nozzle  centerbody  (where  the  flow  is  sonic) 
and  that  in  the  internal  chamber  (as  indicated  by  the  data 
of  fig.  20)  varies  more  with  the  test  conditions  for  C2  than 
it  did  for  Cl.  Thus,  significant  changes  in  the  flow  field 
for  the  resonator-interaction  region  are  expected. 

3 . 4  The  Effect  of  Angle  of  Attack 

Data  were  obtained  over  an  angle-of-attack  range 
from  0°  to  10°.  The  effect  of  the  angle  of  attack,  a  ,  on 
the  flow  field  for  Cl  is  indicated  by  the  data  presented  in 
figures  22  and  23.  The  pressure  distributions  for  the  ex¬ 
ternal  surface  are  presented  in  figure  22  for  a  =  5°  .  The 
pressures  on  the  leeward  side  (PHIT  =  0°)  are  within  10  per¬ 
cent  of  the  windward  values. 

The  mass-flow  rates  are  presented  as  a  function  of  the 
Mach  number  for  simulated  density  altitudes  from  18,290  m  to 
21,030  m  for  a  =  0°  and  for  18,290  m  for  a  =  5°  .  Only 
one  test  condition  is  represented  for  a  =  10°  :  M^  =  1.1 

and  AD  =  18,290  m  .  Only  values  calculated  using  equation 
(8)  (that  is,  m3  )  are  presented  in  figure  23,  since  these 
were  believed  to  be  the  most  accurate  calculations. 

The  angle  of  attack  had  relatively  little  effect  on  the 
surface  pressures  or  on  the  mass-flow  rates  over  the  range 
of  a  considered  in  the  present  program. 
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Figure  21.  Comparison  of  mass-flow  rates  for  Cl 
and  C2;  =  1.13. 


52 


4.  CONCLUSIONS  ABOUT  FLOW  FIELD 


An  experimental  program  has  been  conducted  to  evaluate 
the  performance  of  the  fluidic-generator/fuze  assembly  of  the 
Army  MLRS  in  the  transonic  speed  range.  The  test  program, 
which  was  conducted  in  the  Aerodynamics  Wind  Tunnel  at  AEDC, 
used  full-scale  models  of  the  standard  nose  cones.  The  test 
conditions  included  free-stream  Mach  numbers  from  0.95  to  1.3 
over  a  range  of  free-stream  densities  simulating  altitudes 
from  15,240  m  to  21,030  m.  Over  the  range  of  test  conditions 
covered  in  the  present  program,  the  following  conclusions  are 
made.  Neither  the  angle  of  attack  nor  the  simulated  density 
altitude  (or,  equivalently,  the  Reynolds  number)  had  a  sig¬ 
nificant  effect  on  the  flow  field.  Thus,  reference  is  not 
made  to  these  parameters  in  the  discussion  that  follows.  Al¬ 
though  the  configuration  of  primary  interest  to  this  program 
was  Cl,  the  conclusions  are  valid  both  for  Cl  and  for  C2,  un¬ 
less  specifically  stated  otherwise. 

4.1  External  Flow  Field 


Shock-layer  flow  for  flat  face. — The  pressure  dis¬ 
tribution  across  the  flat  face  of  the  nose  cone  (region  1  in 
fig.  24)  is  similar  to  that  presented  in  figure  3,  decreasing 
gradually  in  the  radial  direction  from  pt2  (the  stagnation 
pressure  downstream  of  a  normal  shock  wave)  at  the  axis  of 
symmetry  until  the  corner  is  reached.  Thus,  the  air  which 
enters  the  inlet  hole  has  passed  through  the  normal  (or  near¬ 
ly  normal)  portion  of  the  shock  wave.  The  pressure  measure¬ 
ments  from  this  region  (especially  those  measured  using  the 
Pitot  probes)  were  closely  predicted  using  the  relatively 
simple  analysis  of  section  3.1.1. 

Flow  over  the  ogive. — At  all  the  orifices  from  x  =  0.030 
xq  to  x  =  1.000  xg  ,  the  ratio  p/pt2  at  a  particular  ori¬ 
fice  decreased  as  the  Mach  number  increased.  Furthermore, 
the  Mach  number  variations  are  gradual  and  consistent  for  Cl, 
except  for  the  two  extreme  orifices:  the  one  at  x  =  0.030 
Xq  (where  the  pressure  is  apparently  affected  by  a  separa¬ 
tion  bubble  at  the  corner)  and  the  one  at  x  =  1.000  xq 
(where  the  pressure  reflects  changes  in  the  transonic  flow 
field) .  A  similar  Mach-number  dependence  in  the  pressure 
measurements  occurs  both  for  orifices  on  the  forward  conical 
surface  and  for  those  in  the  external  cavity  for  Cl.  Since 
the  data  exhibit  a  consistent  Mach-dependence  that  is  quali¬ 
tatively  supported  by  the  small  deflection  approximation 
(i.e.,  eqs.  (2)  through  (4)),  a  relatively  simple  empirical 
correlation  (based  on  the  data  of  figs.  11  through  14)  could 
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be  developed  to  predict  the  pressure  ratio  at  a  given  loca¬ 
tion  for  a  given  flow  condition.  This  is  most  important, 
since  the  pressure  at  x  =  0.443  xq  in  the  external  cavity 
is  back  pressure  for  the  flow  through  the  exhaust  ports. 

Because  of  the  relatively  large  separation  step  for  C2, 
the  pressures  in  the  external  cavity  were  much  more 
sensitive  to  the  free-stream  Mach  number.  Thus,  a  more  de¬ 
tailed  analysis  would  be  needed  for  this  configuration. 

4 . 2  Internal  Flow  Field 

Reservoir  for  the  nozzle  centerbody. — Since  the 
cross  section  of  the  annular  area  around  the  nozzle  center- 
body  (region  3  of  fig.  24)  is  so  much  smaller  than  that  of 
the  inlet  hole  and  of  the  reservoir,  this  region  serves  as 
a  stagnation  chamber  (or  reservoir)  for  the  flow  through  the 
annular  gap.  Thus,  the  pressure  in  this  region  is  p/Pt2» 
which  can  be  readily  calculated  for  given  free-stream  condi¬ 
tions.  For  all  the  test  conditions  considered,  the  mass-flow 
rate  of  air  through  the  generator  assembly  was  limited 
(choked)  by  the  nozzle  centerbody.  However,  because  of  the 
blunt,  sharp-edged  geometry  of  the  upstream  face  of  the  cen¬ 
terbody  and  because  of  the  viscous  boundary  layers  on  the 
walls  of  the  annulus,  the  mass-flow  rates  calculated  using 
Fliegner's  formula  (eq.  (5))  for  this  "throat"  were  not  good 
approximations  of  the  actual  flow  rate. 

Flow  in  the  resonator-interaction  region. — Measurements 
that  could  provide  information  about  the  details  of  the  flow 
through  the  resonator-interaction  region  (region  4  of  fig. 

24)  were  not  made.  However,  because  the  flow  is  choked  by 
the  nozzle  centerbody,  the  inlet  pressure  is  approximately 
0.53  Pt2*  The  kack  pressure  for  the  resonator-interaction 
region  is  the  pressure  in  the  internal  chamber,  which  varies 
with  configuration  and  with  flow  condition. 

Flow  in  the  internal  chamber. — Flow  is  subsonic  as  it 
passes  through  the  exhaust  ports.  Thus,  the  pressure  in  the 
internal  chamber  (region  5  of  fig.  24)  is  governed  (1)  by  the 
pressure  in  the  external  cavity  (which  is  established  by  the 
external  flow  field) ,  since  the  flow  through  the  exhaust 
ports  is  not  choked,  and  (2)  by  the  pressure  drop  across  the 
exhaust  ports,  governed  by  the  mass-flow  rate  (which  is  fixed 
by  the  choking  of  the  flow  through  the  nozzle  centerbody) . 

The  mass-flow  rate  of  air  through  the  nozzle  generator  seems 
to  be  best  predicted  by  equation  (8) . 


4.3  Final  Comments 


When  establishing  an  experiment  simulating  condi¬ 
tions  similar  to  the  geometries  and  the  flow  conditions  of 
the  present  tests,  the  two  most  important  pressures  are  (1) 
that  at  the  inlet  hole  (region  1) ,  and  (2)  that  in  the  sep¬ 
arated  region  of  the  external  cavity  where  the  exhaust  ports 
are  located  (region  2b) .  Over  the  range  of  test  conditions 
considered,  suitable  correlations  for  these  two  pressures 
have  been  exhibited  by  the  data  for  Cl. 


58 


NOMENCLATURE 


A 


A 


In 


AD 


C 


P 


m 


i 


M 

oo 


p 

p(16) 


P  (25) 


P  (27) 
P  (28) 

Pt2 

Poo 

PHIT 

Q 

r 


cross-sectional  area 

cross-sectional  area  of  the  inlet  hole 


altitude  simulated  by  free-stream  density 
pressure  coefficient 


mass-flow  rate  for  flow  model  i  ,  where  i  is 
1 ,  2 ,  or  3 

free-stream  Mach  number 

2 

static  pressure  (N/m  ) 

static  pressure  in  the  external  cavity  between 
the  exhaust  ports  (N/m^)  (see  fig.  15  and  eq.  (8)) 

.  2 
static  pressure  at  the  inlet  hole  (N/m  )  (see  fig. 

15  and  eq.  (5) ) 

.  2 
static  pressure  in  the  internal  chamber  (N/m  ) 

(see  fig.  15  and  eqs.  (6)  and  (8)) 

.  .  2 
static  pressure  in  the  internal  chamber  (N/m  ) 

(see  fig.  15  and  eq.  (6)) 

stagnation  pressure  downstream  of  a  normal  shock 
wave 

free-stream  static  pressure 


angular  location  of  the  pressure  taps  (°), 
(see  fig.  la) 


volumetric- flow  rate  (see  eq.  (7a)) 
radial  coordinate  (see  fig.  3) 
radius  of  flat  face  (see  fig.  3) 


T  stagnation  temperature  (K) 

free-stream  velocity  (m/s) 

x  longitudinal  distance  from  the  model  nose  (cm) 

xQ  reference  length  (7.696  cm) 

Y  factor  defined  in  equation  (7b) 

a  angle  of  attack 

y  ratio  of  specific  heats 

3 

pa  free-stream  density  (kg/m  ) 
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